With the rising global awareness of the negative impacts of power plants based on fossil fuels, nations are shifting their attention to renewable energy. This is in line with the recent advancements in photovoltaic (PV) technology to encourage the construction of more large-scale solar PV plants. Different types of PV tracking technologies are normally used in these plants. However, there is a lack of comprehensive studies to determine which of these PV tracking technologies is the most economically viable. This paper aims to address this issue by assessing actual recorded data from a solar PV plant in Australia as well as simulated data from a PV system design software. The operational performance and economics of the PV systems are studied by calculating and comparing the capacity factors and levelized costs of energy (LCOE). This study can provide insights on the economic feasibility of different PV tracking technologies to allow PV owners and investors to be well-informed in expecting the return on their investments.
INTRODUCTION
The global trend is moving towards various initiatives to fight climate change by reducing carbon emissions. Meanwhile, there has been a 75-80% drop in the cost of solar photovoltaic (PV) modules from the year 2010 to 2015. This has led to the widespread of PV installations which has grown up to a global capacity of 291 GW in 2016 [1] . Among these installations, medium-to large-scale ground-mounted solar PV plants are also increasing to supply more energy to the grid in an attempt to reduce the dependency on traditional coal-based power plants [2] [3] [4] . Several PV tracking technologies are available for large-scale PV applications, including fixed tilt (FT), single-axis tracking (SAT) and dualaxis tracking (DAT) technologies.
The operational performances of PV tracking technologies are explored in some studies [5] [6] [7] . Power, energy production and capacity factor are commonly used as analyzed output parameters in these studies. Besides these studies, there are also a few economic assessments, which are performed on the feasibility of these PV tracking technologies. But these assessments are often based on simulated data [8] [9] [10] .
In these studies of economic viability, the levelized cost of energy (LCOE) metric is widely used as a comparative parameter for technology selection [11] . Numerous costs considered in the calculation of LCOE include plant costs, fuel costs as well as other financial and general assumptions. Although LCOE proves to be a useful metric for many applications, there are certain aspects that are excluded from the conventional calculation of LCOE. These include environmental costs and system integration costs [12] .
This paper utilizes actual recorded data from a solar PV plant as a basis to study the practicality of the three common PV tracking technologies. The operational and economic performances of the PV systems are investigated in terms of capacity factor and LCOE. Subsequently, valuable information on the output behaviors of different PV tracking technologies are provided to the PV plant stakeholders for better investment decisions in the future.
II. STUDIED SYSTEM
The studied system is a 3.275 MWp Solar PV Plant, as depicted in Fig. 1 . The plant comprises of 3 FT arrays (Center, East, and West), 1 SAT array and 1 DAT array with identical peak system capacities [14] . Both the SAT and FT arrays are orientated to face 3 degrees west of north while the tilt of the FT arrays is 20 degree. [13] The PV project was initiated in late March 2015. The generated power is consumed by the campus load (1.5MW to 3MW) and the extra energy is exported to the power network 3368 2019 IEEE PES Innovative Smart Grid Technologies Asia 978-1-7281-3520-5/19/$31.00 ©2019 IEEE through an 11 kV feeder [15] . Dedicated communication and monitoring system is utilized in this PV plant. Therefore, the operating performance investigation is based on the actual monitoring data since its initial operation.
III. METHODOLOGY
The operational performance and economic viability of five representative arrays with different PV tracking technologies in this PV plant are investigated in this paper.
A. Operational Performance Analysis
The capacity factor is used as a key indicator of the PV energy yield to evaluate and compare the operational performance of each PV array. The capacity factor is essentially the ratio of actual energy output to the potential energy output if the PV array was to operate continuously at maximum capacity throughout a specific period. It can be defined as follows:
where CF is the capacity factor in percentage and prod E is the total energy production (kWh) of the PV array in the investigation period. On top of that, 24 is the number of hours in a day, n is the number of days when data is available during the specific period and max P is the rated maximum power (kW) of the PV array respectively.
The energy production data of the PV arrays are acquired from actual measurements from the studied system. Days with missing data points are excluded from the calculations. These lost measurements are often caused by system deactivations either unintentionally due to breakdowns or intentionally for research experiments and maintenance.
On top of the actual measurement data, energy production, data predictions are also generated by performing simulations in PVsyst. PVsyst is a PV system design software including PV system pre-feasibility analysis, sizing, simulation and financial analysis. In this paper, financial analysis of an actual PV plant is conducted considering various impact factors. These include meteorological conditions (hourly solar and weather data), electrical parameters and design information of the PV modules and inverters, as well as power losses arising from various sources. Power losses in a PV system can be attributed to temperature, soiling, PV module mismatch, power dissipation in cables, incident angle of beam irradiance, degradation and auxiliary loads. The simulated energy data from PVsyst is used in the LCOE calculation for a 25-year [16] useful life cycle of the PV project.
B. Economic Analysis
The cost components and energy production need to be quantified first for LCOE evaluation. The costs involved in a PV plant can generally be categorized into two groups: capital costs and operational and maintenance (O&M) costs. Capital cost refers to the construction cost of the PV plant if it was to be completed overnight; whereas O&M costs are expenses used in maintaining the efficient operation of the various components of the PV system, such as PV modules, tracking systems, inverters and protection devices.
Cost estimates are acquired from the Australian Energy Technology Assessment (AETA) [17] [18] for the calculation of LCOE. This paper uses a revision of the AETA capital cost per kW estimates which is provided by [9] to obtain higher accuracies. This revision considers additional data regarding the capital cost and system peak capacity of large-scale solar PV projects in Australian Renewable Energy Agency (ARENA) 2016 competitive solar PV round, as well as some private sources. The compiled list of cost estimates are presented in Table I . Thus, the capital cost for the PV arrays are obtained by taking the product of the respective system power capacity and capital cost per kW as listed in Table II , as given in (2) . Similarly, the fixed O&M cost are calculated by multiplying the O&M rate with the system power capacity as in (3) The O&M costs are incurred annually and are subjected to inflations. Therefore, the present value of the O&M costs is defined as (6) .
is the present value of the annual O&M cost and t is the number of years since project initiation. rate i is the long run inflation rate, which is defined at 2.5% [9] following real-world trends.
Thus, the total cost of a PV system ,Pr total C is the sum of the capital cost and the O&M cost.
,
It is assumed that the capital cost is paid in full just before the project initiation, and thus it is not influenced by inflations.
Besides the cost components, actual recorded measurements of the energy production data as well as PVsyst-simulated energy production data are also obtained. For simulated data, the PV module degradation rate is assumed to be linear and set to be 0.89% per year based on the performance guarantee claimed by the manufacturer [19] .
All the components mentioned previously are then used to calculate LCOE for the representative PV arrays for each PV tracking technology. A modified version of the National Renewable Energy Laboratory (NREL)'s LCOE definition [11] is utilized to perform the economic assessment. The LCOE is evaluated as the ratio of the total costs to the energy output over an annual period throughout the plant lifespan. For PV systems, this can be expressed in the mathematical term as
where Pr C  is the present value of the total costs of the PV plant, prod E  is the total energy production throughout the project lifetime and AUX is the percentage of energy consumed by auxiliary loads in the PV system. It needs to be noted that 0.5% [9] is used for AUX in this paper.
However, there is a lack of future recorded energy production information that spans through the entire lifetime of the studied system. Therefore, two categories of calculations are performed in this paper: one evaluating the LCOE for the PV array's entire lifespan using PVsystsimulated data, while the other giving the "partial LCOE" for periods when actual measurement data is available. To better describe these two variables, the results of the latter calculation is given the term "cost of energy" in this paper, to distinguish it from the estimated LCOE from PVsyst.
IV. CASE STUDIES
The operational performance and economic analysis of the representative PV arrays with three PV tracking technologies are evaluated.
A. Operational Performance Analysis
The operational performances of the PV systems are explored by evaluating the annual capacity factor. To do this, three years of recorded energy production data are obtained from the data monitoring system of the studied system. A summary of the results is shown in Fig. 2 . It can be observed from Fig.2 that PV systems with better tracking technologies generally have higher energy yields, in the following order of descending yields: DAT, SAT, FT. This is expected as PV tracker systems can follow the sun more accurately to intercept higher amounts of irradiance.
The average values of annual energy production and capacity factor in Fig. 3 further support this finding.
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Fig. 3 Overall Energy Production and Annual Capacity Factor
It is shown in Fig.3 that the annual capacity factors of the DAT and SAT array for the three studied years are 26.0% and 24.3% respectively; whereas three FT arrays have an average annual capacity factor of 20.4 %. The energy production averages should be consistent with this trend. However, the dataset shown in Fig. 3 indicates that the DAT array produces on average slightly less energy than that of the SAT array. Detailed inspection of these data reveals that certain days do not contain any records of energy output. This can be due to various reasons that can cause the PV system to go offline, such as maintenance procedures, research experiments and inverter outages.
In contrast, this problem is not observed for the calculated capacity factors in Fig. 4 . This is because the lost days are excluded from the calculations. Thus, the annual capacity factor would serve as a more accurate measure of the potential energy yield for each PV tracking technology discussed in this paper.
Further, the seasonal capacity factor is also assessed as shown in Fig. 4 and Fig. 5 . As it can be seen, seasons with higher solar insolation such as spring and summer accumulate higher energy yields. The SAT array has similar performance with the DAT array in spring and summer. However, the capacity factor of SAT array experiences significant drop in autumn and winter, which causes it to have energy yields close to that of the FT arrays. This observation, which is especially obvious in the winter, can be explained by the power valley phenomenon as a result of the SAT incident angle variation patterns discussed in [20] . The DAT array has slightly lower yields as compared to the SAT array during the spring and summer. Although the DAT system should always be able to track the sun more accurately. Further inspection and interviewing of the persons-in-charge reveal that this is due to implemented shutdowns of certain sections for maintenance purposes [13] , which causes some of the DAT to be in the horizontal position during these periods.
B. Economic Analysis
The actual energy output data of the PV arrays are then injected into the LCOE model in (9) to assess the economic feasibility of each system. The red curve with green cross is the cost of energy for each system as shown in Fig. 6 .
Cost (AU$)
Cost of Energy (AU$/MWh) Fig. 6 Total cost and cost of energy for year 2016 -2018 As observed in Fig 6, the total cost of the SAT array is only around 3 % higher than that of the FT arrays, whereas the DAT array is 44 % more expensive than the FT arrays. This is compared with the findings from Fig. 3 . Consequently, the cost of energy of the SAT array is significantly lower than that of the FT and DAT arrays.
The results in Fig. 6 are entirely based on actual recorded data from the studied system. Thus, it only encompasses three years of records, which is not sufficient to represent the definition of LCOE in (8) . In order to accommodate for the entire lifetime of the PV systems, the simulated data from PVsyst are utilized in the LCOE calculations. The cost of energy is calculated cumulatively for each year to visualize the changes as the timeline advances. A useful life of 25 years is assumed, and a linear degradation profile is used for the PVsyst data. Both energy production data inputs and resulting cost of energy outputs are presented in Fig. 7 . The cost of energy drops sharply during the early stages of the timeline. This is because the energy production starts to accumulate to displace the large capital costs incurred at the initiation stage. The increase in total energy production is gradually offset by the annual O&M costs, which causes the cost of energy to stabilize at the LCOE towards the later stages.
It is observed that the cost of energy of the SAT array is always the lowest, although it may have lower energy yields than the DAT array. The higher implementation costs of the DAT array and the lower energy yields of the FT array have caused these PV arrays to have higher costs of energy.
The simulated LCOE for each PV array is taken at the end of the 25-year project lifetime. A summary of the resulting LCOE and total costs is shown in Fig. 8 . The O&M costs have become considerably higher after accumulating over the simulated 25 years as compared to Fig.  6 . The SAT array has the lowest LCOE compared to the other two PV tracking technologies, and thus SAT can be the most economically choice in the PV plant construction.
V. CONCLUSIONS
Three kinds of PV tracking technologies, namely FT, SAT and DAT systems are assessed for their economic feasibility in this paper. The operational and economic performance of these PV systems are explored and analyzed in terms of energy production, capacity factor and LCOE. Actual recorded data of monthly energy production are acquired from a solar PV plant in Australia for this investigation. PVsyst simulations are also performed to estimate future energy production trends to be used in the calculation of LCOE for each PV tracking technology.
The investigation results find that the SAT system is the most economically viable one among the three PV tracking technologies in the local context. The findings reveal that the SAT array is capable of considerably higher energy yields than the FT arrays at relatively low costs. Although the DAT array can produce larger amount of energy, the higher additional capital and O&M costs for the tracking system has made it to be less economically attractive to investors.
The findings of this paper provide PV owners and investors with a guideline to evaluate the expected performances from their PV plants when different PV tracking technologies are used, This will help them to make wellinformed decisions and get a clearer picture of the project financial projections. Moreover, this assessment has utilized widely-accepted parameters such as capacity factor and LCOE to study the performances of the three PV tracking technologies. This allows the methods used in this paper to be available for other similar studies. Therefore, this paper serves as a good benchmark for comparison with other assessments in different locations and conditions. Possibly, this will facilitate the determination of a pattern or conclusion in pinpointing which PV tracking technology is more practical in various settings.
